Abstract--In this paper, the impact of the DC bus voltage on the core losses of a permanent magnet synchronous motor (PMSM) fed by a pulse-width modulation inverter is evaluated. Under constant speed operation, the modulation index decreases when the DC bus voltage increases. This modifies the harmonic content of the PMSM input voltage and then affects the motor core losses. The experimental results show that, for the conditions considered in this paper, the core losses are 1.8 times larger at the lowest modulation index than at the highest one.
I. INTRODUCTION
Much research demonstrates that a pulse-width modulation (PWM) voltage fed to any soft magnetic material tends to increase its iron losses compared to a purely sinusoidal voltage. This is caused by the rich harmonic content of the PWM voltage. Early literature proposes the assumption that the high frequency caused by the PWM is responsible for extra eddy current losses only, implying that the hysteresis losses are only slightly impacted [1] . The high frequency eddy current inside the electrical steel sheet is responsible for a skin effect that has a strong impact on the material specific iron losses [2] .
PWM gate signal generation has several parameters which can influence the iron losses in their own way. The impact of the modulation index in particular, has been studied on laminated ring cores [3] . The authors conclude that the material specific iron losses tend to increase when the modulation index decreases. Reducing the modulation index has the effect to widen the minor loops of the material B-H curve under PWM excitation [4] .
Under the assumption that the PWM carrier harmonic content of the supplied voltage is only responsible for extra eddy current losses, authors are able to propose analytical formulas of the PWM iron losses in transformers and induction machines [5] . They conclude that the losses decrease when the modulation index increases in these applications.
As for the permanent magnet synchronous motors (PMSM), numerical analysis allows evaluating the PWM carrier losses [6] . The physical repartition of the PWM carrier losses in the motor parts (rotor, stator and magnets) can also be evaluated by numerical analysis [7] . In particular, authors conclude that the magnet losses are almost only due to the eddy current caused by the PWM harmonic frequency. The PWM additional core losses can also be approximated using analytical formulas [8] [9]. In [8] , both experiment and calculation show that the PWM additional core losses of a synchronous motor with surface mounted permanent magnets (SPMSM) decrease when the modulation index increase. In [9] , the increasing rate of eddy current losses due to PWM is evaluated on a synchronous motor with buried permanent magnets (IPMSM). The motor uses ferrite magnets with high resistivity, which allows neglecting the magnet eddy current losses. However, the ferrite magnets have the disadvantage of lower remanence. Both the theoretical calculation and the experiment show a decrease of the eddy current losses rate when the modulation index increases.
In the past literature, finite element analysis (FEA), analytical studies and experiments are able to describe the influence of the modulation index on the total core losses of PMSMs. However, investigations are rarely carried out to understand on which parts and which kind of core losses (eddy current or hysteresis) the modulation index has the strongest impact. In order to answer this question, this paper proposes an experimental methodology to evaluate the influence of the PWM modulation index on an IPMSM with sintered NdFeB magnets. Then future works will focus on FEA for further investigations based on this present paper. In section II, the motor geometry and the core material characteristics are presented. The section III explains the experimental methodology carried out to measure both the IPMSM total core losses and the core losses solely due to the PWM carrier frequency. The experiments are conducted at constant speed and the DC bus voltage is changed so that a fairly wide range of modulation index is covered. The section IV shows the measured core losses and also the magnetic flux density measured with B coils on both the stator teeth and yoke for the highest and lowest modulation index.
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II. MATERIAL CHARACTERISTICS AND MOTOR GEOMETRY

A. Material Characteristics
The stator and rotor of the proposed IPMSM are made of non-oriented electrical steel sheets 35H300. The permanent magnets are sintered NdFeB. The important characteristics of the materials are shown in Table I . The B-H and specific iron loss characteristics of the 35H300 material are given in Fig. 1 and Fig. 2 respectively. 
B. Motor Geometry
The motor used in this paper is an IPMSM. The cross section view of the motor is illustrated in Fig. 3 . The geometry characteristics and the material electrical characteristics are listed in Table II and Table III respectively. 
III. EXPERIMENTAL METHODOLOGY
In this paper, the IPMSM core losses are measured when driven by an inverter under no-load condition. A subsequent test, called no-current test, is done to estimate the contribution of the PWM carrier frequency to the total core losses.
A. No-load Test
The experimental test bench of the no-load test is illustrated in Fig. 4 . The IPMSM is driven by a threephase voltage source inverter (VSI) with IGBTs. The inverter input voltage V dc is provided by a DC power source. A standard vector control using a fixed frequency PWM is implemented for the speed control. The d-axis current reference is set to zero in the vector control scheme. No load is connected to the IPMSM rotor shaft but an encoder is still needed for the feedback of the shaft rotational speed.
The IPMSM input active electrical power P3 is measured using a 2.2 MHz sampling frequency power analyzer and the equation where n is the sample number in one period of the measured waveform, i u,v,w are respectively the u, v and w phase currents, and v u,v,wn are respectively the u, v and w phase to neutral voltages. In order to calculate the copper losses, the rms current has also been obtained from the current waveform using the equation where x can be u, v or w depending in the considered phase.
The IPMSM core losses under inverter-fed at no-load can then be calculated using the following equation where P mech and P enc are the mechanical losses of the IPMSM and the encoder respectively. Some explanations on how to measure P enc and P mech will be provided in the next section. With this equation, it is assumed that the measured core losses are the sum of the hysteresis losses and the eddy current losses in the stator core, rotor core and magnets.
B. No-current Test for the Calculation of the PWM Carrier Core Losses
The experimental test bench of the no-current test is illustrated in Fig. 5 . A brushless DC motor is used to rotate the IPMSM externally [10] . A torque meter is placed between the two motors in order to measure the shaft torque T and a speed sensor measures the rotational speed . The three phases of the IPMSM stator are in open circuit. Therefore, no current is flowing through the stator windings and the core losses are caused by the rotating magnets only. The brushless DC output mechanical power becomes enc mech noc core
where P core_noc are the core losses of the IPMSM under no current condition.
Using the same experimental set-up as in Fig. 5 and replacing the rotor with magnets by a rotor without magnets but with the same bearings and identical shape, the term P core_noc disappears in (4), making it possible to measure the sum of P mech and P enc . Finally, the contribution of the PWM carrier frequency to the total core losses is called P core_PWM and is estimated experimentally from (3) and (4) 
IV. EXPERIMENTAL RESULTS
A. Core Losses Measurements
The PWM carrier frequency is 1 kHz and the inverter dead-time 3500 ns. In order to evaluate the influence of the PWM modulation index on the core losses, the measurements are made at a constant speed of 750 rpm with different values of V dc . When changing V dc , the speed control loop modifies the value of the modulation index in order to adjust the inverter output voltage so that the speed is maintained constant. The values of V dc range from 180 V to 43 V, which corresponds to the variation of modulation index illustrated in Fig. 6 .
The Fig. 7 illustrates the results of the core losses measurements. Both P core_nol and P core_PWM are illustrated. 
DC bus voltage (V)
PWM modulation index Since P core_noc does not depend on the modulation index, it is constant for each measurement. At a modulation index of 0.2, the PWM carrier frequency is responsible for as much as 66 % of the total core losses. At a modulation index of 1, this ratio becomes 37 %.
B. Motor Phase Voltage and Current
In this section, the motor phase voltage and current are measured with a view to investigate the causes of the core loss decreasing trend observed in the last section. The line to neutral motor voltage V un is measured with a sampling frequency of 0.1 MHz. The measurements at V dc equal to 43 V and 180 V are illustrated in Fig. 8 and Fig. 9 respectively. While the switching voltage levels naturally increase with the DC bus voltage level, the fundamental stays almost constant in order to ensure constant rotational speed. The rms value of the fundamental voltage is 14.37 V at V dc = 180 V and 14.30 V at V dc = 43 V. In other words, the modulation index is adjusted to keep a constant fundamental voltage but the voltage waveform itself is still impacted by the change of V dc . In order to evaluate this impact, the rms value of the V un total voltage is measured using a precision power analyzer with a sampling frequency of 2.2 MHz, giving the Fig. 10 . This figure confirms that the total harmonic distortion (THD) decreases when the modulation index is high. This observation, which can be demonstrated analytically [11] , is the main cause of the decreasing trend of the core losses. The phase current I u is measured in the same manner at V dc equal to 43 V and 180 V. The measurements are illustrated in Fig. 11 and Fig. 12 . The current is small since the motor is tested under no-load condition. Moreover the fundamental is almost invisible since it is engulfed by the carrier frequency harmonics and also the 5 th and 7 th harmonics caused by the motor geometry. A higher V dc naturally causes the current spikes due to the carrier frequency to amplify. This has for consequence to increase the current rms value, as can be seen in Fig. 13 . (6) where N B is the number of turns of the B coil. The magnetic flux density calculated in (6) is not the magnetic flux density at one particular point of the core but the average magnetic flux density through the open surface S.
The measurements have been done at V dc equal to 43 V and V dc equal to 180 V and are illustrated in Fig. 14 and Fig. 15 for the teeth and yoke respectively. On the scale of the carrier frequency, the modulation index has a noticeable influence on the magnetic flux density waveform. A high DC bus voltage (low modulation index) causes higher distortion in the magnetic flux waveform that increases the core losses. The results show an increase of core losses at low modulation index which means that it is preferable to adapt the DC bus voltage according to the motor speed. In future works, FEA will be performed to discriminate the hysteresis and eddy-current losses in each parts of the motor for different modulation index values. This numerical analysis investigation seems to be somewhat rarely carried out in the past literature for this kind of motor. It will allow observing to which extent each part of the motor contributes to the decreasing trend of the core losses with the modulation index. Moreover, it will allow concluding on which type of core losses, between eddy current and hysteresis losses, is mostly affected by the variation of modulation index.
